Gravity waves (GW) and convective systems play a fundamental role in atmospheric circulation, weather, and climate. The main sources of GW are orographic effects triggering mountain waves and convective activity. We test the utility of Global Positioning System (GPS) radio occultation 20 (RO) observations for the investigation of convective systems and GW over orographic regions in Europe and South America. We build a collocation database between RO events and convective systems over sub-tropical to mid-latitude mountain regions close to the Alps and Andes. Subsets of RO profiles are sampled and a case study is selected for each region. From mesoscale numerical simulations, we analyze relevant gravity waves features (main parameters, generation and propagation), mainly from orographic 25 and convective activity origin for the case studies considered. Similar GW regimes and dominant vertical and horizontal wavelengths, from convective and orographic sources, are found in both regions. Mountain waves above the Alps are found to reach higher altitudes than close to the Andes, as the background subtropical jet above this region constrains the propagation of GW packets up to stratospheric heights.
involved in convection over this region have been analysed, e.g., by de la Torre et al. (2004) , who found that anabatic winds act as triggering mechanism in the presence of moist enthalpy under unstable 70 conditions. A relationship between MW and the development of deep convection was found by de la Torre et al. (2011) . Through the design of several non-dimensional numbers related to storms development and MW energy, Hierro et al. (2013) found that MW are able to provide the necessary Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2017-245 Manuscript under review for journal Atmos. Meas. Tech. Discussion started: 24 Convective systems were located in time and space using the global deep convective tracking database of the International Satellite Cloud Climatology Project (ISCCP) (Rossow et al., 1996) , from January 2006 135 to July 2008. This period was used due to the constraints in the ISCCP database, which is currently incomplete because it is being re-processed and data are only available for the present time period. The global data set with a horizontal grid resolution of 30 km and a nominal time resolution of 3 h is based on brightness temperatures from geostationary satellite measurements and provides information on the location and extent of mesoscale deep convective cloud systems and their properties. 140 Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2017-245 Manuscript under review for journal Atmos. Meas. Tech. Discussion started: 24 October 2017 c Author(s) 2017. CC BY 4.0 License. 165 scheme; Dudhia, 1989) for radiation processes; the Noah land surface model (developed jointly by NCAR and NCEP; Skamarock et al., 2008) and Monin-Obukhov scheme; (Monin and Obukhov, 1954) for surface physics and thermal diffusion processes respectively. The cumulus parameterization used was the New Grell scheme (Grell3; (Grell and Devenyi, 2002) ) for the first three domains, while no-cumulus parameterization was selected for the inner one.
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Five collocations were pre-selected in each region, with the aim of analyzing and comparing typical GW characteristics in the vicinity of both mountain ranges (Fig. 2) . All of the pre-selected collocations show some spikes in the BA profile, of which one is correlated with the cloud top of the corresponding convective structure. Large amplitude oscillations that could be associated to hydrostatic GW propagation are observed. We further focused on two representative case studies (central frames in upper and lower 175 panels in Fig. 2 Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2017-245 Manuscript under review for journal Atmos. Meas. Tech. Discussion started: 24 October 2017 c Author(s) 2017. CC BY 4.0 License. Figure 2 : Pre-selected collocations between GPS RO profiles and convective developments in the Alps region (upper panels) and the Andes region (lower panels). Shown are absolute profiles and anomaly profiles for bending angle (green) and temperature (red), and the respective climatology profile (dotted).
The cloud top height is indicated by a blue star. 185 Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2017-245 Manuscript under review for journal Atmos. Meas. Tech. Discussion started: 24 October 2017 c Author(s) 2017. CC BY 4.0 License.
WRF model simulations and analyses of GPS RO observations
The two selected study cases for the Alps and Andes region were further closely investigated by means of 190 numerical simulations with the WRF model and through gravity wave analysis of the GPS RO observational profiles.
Study case for the Alps region

Numerical simulations of gravity wave structures
195
For study case one in the Alps region, we simulated dynamic and thermodynamic parameters. In Fig. 3 we show the vertical air velocity (w) in the considered area at two altitude levels (8 km and 12.5 km), above and below the cloud tops (situated at 9.8 km height) at 17:00 UTC. The w field is represented a few minutes before the RO event (17:24 UTC). The line of sight (dotted line) at both levels is also indicated. 205 Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2017-245 Manuscript under review for journal Atmos. Meas. Tech. Discussion started: 24 October 2017 c Author(s) 2017. CC BY 4.0 License.
The mesoscale outputs were obtained every 60 min. It is accepted that w adequately highlights the main GW amplitudes and wavelengths belonging to high and medium intrinsic frequency regimes. As it is known (e.g., de la Torre and Alexander, 1995; P. Alexander et al., 2008) , a distortion is introduced in the measured GW  H and  Z by atmospheric soundings performed in any other than in vertical and horizontal directions, as is the case during GPS RO events or during radiosoundings. In the case of RO events, it is 210 known that a visibility condition imposed to the line of sight (LOS) described in P. Alexander et al. (2008) must be satisfied.The distortion is more or less significant, depending on the elevation angle of the sounding path and the GW aspect ratio (de la Torre et al., 2017, hereafter referred to as T17). For example, during vertically directed measurements with a single lidar,  H cannot be detected but  Z is not distorted. Numerical simulations are not affected by this systematic error that affects current slanted 215 atmospheric measurements. Below, we must distinguish between "apparent" and "real"  H and  Z values.
From WRF simulations, in Fig. 3 , coherent mostly bi-dimensional GW structures with constant phase surfaces oriented along S-N direction and slightly tilted to N-E with increasing latitude, are noticed. The mean horizontal wind vector directed from NW to SE at 700 hPa, causing the forcing of mountain GW, equals [3;-3] m/s at 18 UTC. Prevailing amplitudes and  H ranging between 1-2 m s -1 and 20-60 km, 220 respectively, are distinguished. In this case study we observe in Fig. 3 that the quasi perpendicular orientation of the constant GW phases relative to the LOS ,clearly does not benefit the GW detection during the RO event (Alexander et al., 2008) . The lower and upper altitudes of LTP are 3 km and 40 km, respectively. The observation of GW structures with short  H observed in Fig. 3 are expected to strongly suffer from amplitude attenuation and should not be visible for GPS RO (Preusse et al., 2002; 225 Alexander et al., 2008) . Regarding the simulations, two main features may be remarked. GW amplitudes are weaker below than above the cloud tops and the structures are only partially stationary, when they are observed with increasing time steps during the convection development (not shown). These features suggest an expected two-folded contribution to the GW structures: one stationary, obviously of orographic origin, and a second one associated to the convective source. This is confirmed below.
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Taking into account the flexibility in any GW analysis due to their three-dimensional structure, in Fig. 4 we describe the zonal variation of w simulations, at representative UTC times and constant altitudes. A movie-like evolution of these structures (with a time step of 1 hour), reveals that to the west of 12°E, most of them are stationary, as expected from any orographic origin. Their amplitudes are more significant early in the morning ( Fig. 4a ) and exhibit a general decrease with increasing local time. They 235 reach again large amplitudes at stratospheric heights after a partial evanescence observed close to the tropopause, around 11 km height. The orographic structures are observed until the early afternoon ( Fig.   4b ). In Fig.4c , a suppression of the orographic structures is observed, probably associated to the unstable atmospheric conditions imposed during convection development. In Fig. 4d , non-stationary GW packets between 12 km and 17 km height are generated by the convection development after mid-afternoon and The CWT is a useful method to detect the main oscillation modes present in a signal analysis. As it is known, it is a powerful tool for studying multiscale and non-stationary processes occurring over finite spatial and temporal domains (Lau and Weng, 1995) . It allows detecting short-period as well as long-255 period oscillations. The CWT compares the original signal against a set of synthetical signals, which are called mother wavelets, obtaining correlation coefficients. These mother wavelets, together with a CWT and the discrete wavelet transform, define the theory of wavelets (Sang, 2013) . The comparison between signals is carried out through a process of translation and contraction or dilation of the mother wavelet in each signal portion. This process is repeated for all scales of mother wavelets, allowing the location of 260 short life and high-frequency signals like sharp changes, thus obtaining detailed information. In this work, Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2017-245 Manuscript under review for journal Atmos. Meas. Tech. Discussion started: 24 October 2017 c Author(s) 2017. CC BY 4.0 License. the mother wavelet selected is the Morlet wavelet (Morlet, 1983) , which consists of a flat wave modified by a Gaussian envelope. In Fig. 3 and 4 ,  H at any altitude may be found by inspection of w as a function of latitude or longitude, 270 and the zonal and meridional corresponding values,  x and  y , are thus obtained. This identification may be performed through any other dynamic or thermodynamic parameter, like T, pressure or density. These parameters reproduce (not shown) the GW features already observed, as well as the expected relative phase differences according to the polarization relations belonging to a high frequency GW. In the present case study, reliable values of  Z may be derived from Fig. 4 , at any longitude and latitude. The applied 275 procedure is simple. In the case of a clear orographic GW structure like the one observed on the left sector in Fig. 4a , we estimate the lateral displacement of any arbitrary identified phase minimum (or maximum), located at any longitude X 0 and altitude Z 0 . The position of this extreme phase value is followed visually, with increasing height. After a vertical distance Z, it is situated above the closest maximum (minimum) phase value at Z 0 ± Z. Then, the real value of  Z may be estimated as  Z = 2Z.
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Taking into account the approximate nature of this procedure, we estimate  Z with a variability that depends on the selected initial altitude, latitude, and longitude. For example, from the orographic structures at lower levels in the western sector in Fig. 4a , the estimated value would be  Z ≈ 15 km. In First, we remove the perturbation component of this single profile (Fig. 6a ). If we try to apply a simple band-pass filter (e.g., de la Torre et al, 2006) , as we did to calculate the CWT (see Fig. 5 , lower panel), we encounter the "tropopause problem", because RO T profiles are available as a function of altitude. In because the tropopause kink usually departs from a sinusoid or any other function that may be used as a basis. Real filters do not yield ideal spectral component isolations (side effects are amplitude reduction for example) and may need some manual fine tuning procedures to optimize their performance. After a 305 "perfect" band-pass is used, there should be no remaining components at wavelengths outside the considered range. Real filters behave differently, so using them more than once in a given way could a priori improve the removal of undesired wavelengths. This method has two steps: (i) we use the bandpass filtering to isolate the wavelength range of interest to separate the background and eliminate the noise, and (ii) we perform a cutoff that is larger than or equal to the bandpass upper limit in order to remove 310 large wavelengths representing background behavior or trends still present and to force a zero mean. We keep in mind that the tropopause kink in temperature can be viewed as the surrounding of a long sinusoidal peak. In the first step, we apply a bandpass between 1 km and 10 km, and in the second step, a cutoff of 10 km. The resulting filtered T profile is marked by the solid black line in Fig. 6b . A continuous wavelet transform (CWT) is finally applied to the remaining T wave structure (Fig. 6c ). 315 Fig. 6c shows a clear GW signal throughout the tropo-stratospheric region, with prevailing  Z = 4 km. A second considerably weaker mode is also present in the troposphere, with  Z close to 7 km. To search for a possible correspondence among these two modes and the structures observed in Figs. 3, 4 and 5, we know that when analyzing RO data, some care must be taken due mainly to the slanted nature of the sounding, in addition to possible amplitude attenuation effects (P. Alexander et al., 2008; T17) . In 320 particular, for this RO event, the LOS stands at each TP almost exactly perpendicular to the GW phase surfaces observed in Fig. 3 , at 88° from north direction (dotted lines in Fig. 3 ). This should prevent us to observe vertical oscillations corresponding to short  H structures as those seen in Fig. 3 . In order to understand the meaning of the observed wavelike structures clearly observed in Fig. 6b , it is possible to approximately reconstruct the RO vertical profile. This may be performed integrating along the LOS the 325 simulated T field, centered at each TP. In doing so, we apply a weight Gaussian function along the LOS, centered at the TP. The statistical non symmetric contribution of wave activity along the LOS around each TP accounts for a net enhance or decrease of the background T, exhibiting the observed wavelike vertical profile for this RO event in Fig. 6b . In sum, this wavelike structure should be observed as the result of an ensemble of GW contributions. It should not be confused with the presence of a possible 330 prevailing monochromatic GW (see below, the Andes case study).
Study case for the Andes region
Numerical simulations of gravity structures
From the simulated dynamic and thermodynamic parameters, in Fig. 7 we show w for the Andes area 335 ( Fig. 1) . It is shown at constant altitudes of 10 km and 16 km, above and below the cloud top (situated at 14 km height) at 17:00 UTC. The w field is represented a few minutes before the RO event (16:56 UTC). Then, wherever L 2 < (2/ H ) 2 , the propagation is suppressed, as it happens where a strong mean wind is present. This is observed in Fig. 8a Regarding  Z , in Fig. 8c , the eastwards phase displacement may be clearly noticed. It is estimated at approximately 20-25 km (as explained in Sect. 3.1.1) . A corresponding GW propagation angle variation of the main mode,  =tan -1 ( H / Z ) ≈ 0.93-1.02 rad is estimated. This is a similar value to that observed in the Alps case study. 
.2. Analysis of gravity waves in the RO observation
For this case study, we analyze the wavelike structure of the RO T profile already shown at the center of Fig 2a (lower panel) , whose projected LTP is seen in Fig. 3 for case study 1. The procedure is identical to the one applied in case study 1.The utility of the double filter applied is more obvious here than in the Alps case study. Also, the tropopause kink is sharper (Fig. 10 b) . For this RO event, inversely to the 395 Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2017-245 Manuscript under review for journal Atmos. Meas. Tech. Discussion started: 24 October 2017 c Author(s) 2017. CC BY 4.0 License. described situation in the Alps case study, the LOS stands at each TP almost aligned to the GW phase surfaces observed in Fig. 7 , at 190° from north direction (dotted lines in Fig. 3 ). This should allow us to observe vertical oscillations in the RO profile corresponding to short  H structures seen in Fig. 7 . Figure 10 : The same as in Fig. 6 , for the case study in the Andes region.
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In Fig. 10c, a clear GW signal appears also in the Andes case study, propagating throughout the tropostratospheric region with prevailing  Z = 4.5 km. Besides the obvious discrepancy observed also here between this measurement and the simulated  Z value (between 20 and 25 km height) , a non-negligible signal at stratospheric heights still remains. This may be explained by the slanted region sounded by the 405 LTP, which is different from the constant latitude vertical profiles shown in Fig. 8 . The second main mode observed in the simulations is not obvious here. Nevertheless, a considerable underestimation of  Z is also present. This discrepancy between measured and simulated  Z (an analogous discussion could be given regarding  H, too -see T17-) may be quantitatively explained as follows. It may be assumed that RO soundings yield 410 T profiles almost instantaneously in such a way that GWs are "frozen" in space during the entire LTP retrieval. The vertical "real" and "apparent" (or measured) wavelengths ( z and  z ap , respectively) are related according to the following expression (T17):
where is the elevation angle, defined by a straight sounding path direction and the horizontal plane, and 415 cot (is the ratio between the horizontal wavenumber vector (k H ) projected on the vertical plane Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2017-245 Manuscript under review for journal Atmos. Meas. Tech. Discussion started: 24 October 2017 c Author(s) 2017. CC BY 4.0 License.
containing LTP, and the vertical wavenumber k Z . The ratio k H /k Z =  Z / H is also known as the GW aspect ratio, which was estimated to≈rad (see Sect.3.1.1)We define the distortion as the ratio:
=
(2) and plot this parameter, following Eq. (1), as a function of  and (red line in Fig. 11 )For the LTP 420 shown in Fig. 7, considering Biondi, R., Steiner, A. K., Kirchengast, G., and Rieckh, T.: Characterization of thermal structure and 525 conditions for overshooting of tropical and extratropical cyclones with GPS radio occultation, Atmos.
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